Current research on micro-mechanical resonators strives for quantum-limited detection of the motion of macroscopic objects [1] . Prerequisite to this goal is the observation of measurement backaction consistent with quantum metrology limits [2] . However, thermal noise presently dominates measurements and precludes ground-state preparation of the resonator. Here we establish the collective motion of an ultracold atomic gas confined tightly within a Fabry-Perot optical cavity [3, 4, 5] as a system for investigating the quantum mechanics of macroscopic bodies. The cavity-mode structure selects a single collective vibrational mode that is measured by the cavity's optical properties, actuated by the cavity optical field, and subject to backaction by the quantum force fluctuations of this field. Experimentally, we quantify such fluctuations by measuring the cavity-light-induced heating of the intracavity atomic ensemble. These measurements represent the first observation of backaction on a macroscopic mechanical resonator at the standard quantum limit.
Various types of micro-mechanical resonators, including singly [6, 7] or doubly [8, 9, 10] clamped nanofabricated beams, thin membranes [11] , and toroidal structures [12] , have been fabricated and used to study small-amplitude vibrations. With resonance frequencies in the kHz to MHz range -an exception being the GHz resonator of Ref. [13] -these resonators remain significantly perturbed by thermal noise at cryogenic temperatures. Nevertheless, powerful schemes to cool a single mechanical mode of the resonator below its ambient temperature have been demonstrated [6, 7, 8, 9, 10, 11, 12] . These schemes use either active feedback or the passive dynamical backaction on a driven resonator, the latter being equivalent to cavity-induced laser cooling of atoms [14, 15] . The use of these schemes to achieve ground-state cooling has been discussed [16, 17, 18] .
In this work, we demonstrate that the collective motion of a trapped macroscopic ensemble of ultracold atoms may serve as the resonator for the study of quantum micro-mechanics.
In contrast with the mechanical systems discussed above, such atoms may be cooled directly to the ground state of motion. Non-classical states of motion have been engineered in atomic ensembles [19] , and the oscillatory motion of an atomic gas has been used to measure weak forces [20] , analogous to measurements using microfabricated cantilevers [21] . However, previous efforts have lacked the means to measure the motion of an atomic ensemble at the quantum limit.
High-finesse optical cavities have been used to sense the motion of single atoms [22, 23] .
Their sensitivity results from the spatial variation of the atom-cavity coupling frequency; in a near-planar Fabry-Perot cavity, this frequency varies as g(z) = g 0 sin k p z along the cavity axis, where k p is the wavevector of light near the cavity resonance. In the case where the detuning ∆ ca = ω c − ω a between the bare-cavity (no atoms present) and the atomic resonance frequencies is large (|∆ ca | ≫ {g 0 , Γ}), a single atom of half-linewidth Γ at position z causes the cavity resonance to be shifted by g 2 (z)/∆ ca . Measuring the cavity resonance thus provides information on the atom's position.
Such a measurement may be applied also to monitor the motion of an ensemble of N atoms that are optically trapped within the resonator mode. In this case, a single collective degree of freedom couples exclusively to a single mode of the cavity (see supplemental information). For small displacements of the atoms from their potential minima, we define a collective position operator Z = (N eff )
i sin(2k pzi )δz i , and the conjugate momentum P = i sin(2k pzi )p i , withz i being the equilibrium position of the i th atom, δz i its position deviation from equilibrium operator, and p i being its momentum. The cavity then serves to monitor a specific collective mode of motion in the atomic ensemble, with the cavity resonance being shifted by ∆ N − N eff f 0 Z/ where ∆ N = i g 2 (z i )/∆ ca is the cavity frequency shift with all atoms localized at their potential minima and
is the optical dipole force from a single cavity photon. That is, the collective mode sensed by the cavity is equivalent to the center-of-mass motion of N eff = i sin 2 (2k pzi ) atoms trapped at locations of maximum sensitivity of the cavity properties to the atomic position.
With the identification of the collective variables Z and P , we may draw directly on results obtained for the motion of radiation-pressure-driven mechanical resonators within optical cavities. For example, we conclude that optical dipole forces in a driven cavity will displace the collective variable Z, shifting the cavity resonance frequency and leading to cavity optical nonlinearity and bistability [3, 24] . We find also that force fluctuations arising from the quantum fluctuations of the intracavity optical field disturb the collective momentum P and constitute the quantum backaction for cavity-based measurements of the displacement Z [25] .
To assess the impact of these dipole force fluctuations, we consider the dynamics of the atoms-cavity system with the cavity continuously driven by laser light of fixed detuning and P = iP ho (a † − a), with Z ho = /2mω z N eff and P ho = /(2Z ho ). As discussed in the supplemental information, we obtain equations of motion for a and for the cavity field operator b as
where κ is the decay rate of the cavity field, b is the cavity photon annihilation operator and b in represents the coherent-state input field that drives the cavity.
Here, we introduce a dimensionless "granularity" parameter,
quantifies the coupling between quantum fluctuations of the collective atomic and optical fields. In the non-granular regime, defined by ǫ ≪ 1, the generally complex atoms-cavity dynamics described by Eqs. 1 and 2 are vastly simplified. To characterize this regime, consider the impulse N eff f 0 /2κ imparted upon the collective motion by the single photon optical force over the (2κ) −1 lifetime of a cavity photon. For ǫ ≪ 1, this impulse is smaller than the zero-point momentum fluctuations of rms magnitude P ho ; thus, the effects of optical force fluctuations on the atomic ensemble are adequately described by coarse graining.
Likewise, the transient displacements induced by this impulse will shift the cavity resonance by an amount that is much smaller than κ; thus, the quantum fluctuations of the cavity-optical field are the same as in the absence of the intracavity atomic gas, with the spectral density of photon number fluctuations being S nn (ω) = 2nκ(κ 2 + (∆ + ω) 2 ) −1 [16] with ∆ = ∆ pc − (ω ′ c − ω c ) being the probe detuning from the atoms-shifted cavity resonance. We then find the occupation number of the collective atomic excitation to vary as
where S (±) nn = S nn (±ω z ) and we assume a † a remains small. The collective atomic motion is subject to momentum diffusion, which heats the atomic gas at a per-atom rate of
nn /N, and also to coherent damping or amplification of the atomic motion [14, 15, 16, 17] . So far we have neglected the force fluctuations on the atoms associated with incoherent scattering. As in free space, spontaneous emission by atoms driven by laser light leads to momentum diffusion due to both recoil kicks and fluctuations of the optical dipole force [26, 27] . Allowing the trapped atoms to be distributed evenly along the cavity axis, the total light-induced per-atom heating rate becomes R = R fs + R c where R fs = (f 2 0 /2m)(n/κ)(1/C) is the free-space diffusive heating rate in a standing wave of light [26, 27] . For this atomic distribution, N eff = N/2 and we obtain R c = R fs × C(1
Thus, in the strong coupling regime of cavity quantum electrodynamics, with single-atom cooperativity
, diffusive heating may be dominated by backaction heating (R c ) for probe frequencies near the cavity resonance (|∆ − ω z | < κ).
In our experiment, this backaction heating was measured bolometrically. Because the mechanical Q of the collective vibrational mode is low (∼ 40 as determined in Ref. [3] ), backaction induced excitation of this mode soon leads to a rise in the total thermal energy of the atomic sample. We quantify this energy increase by measuring the evaporative loss of trapped atoms from a finite-depth optical trap. By using an ultracold atomic gas, with temperature T ≪ κ/k B , the coherent amplification or damping of collective motion [see Eq. 3] may be neglected, and the atom heating rate is related directly to the spectral density of photon fluctuations in the cavity. To measure the backaction heating near the cavity resonance, N = 10 5 atoms were loaded into the cavity, causing the cavity resonance to be shifted by ∆ N = 2π × 100 MHz at the atom-cavity detuning of ∆ ca = 2π ×100 GHz. The cavity was then driven with probe light detuned by ∆ pc = 2π × 40 MHz from the bare-cavity resonance. Transmission through the cavity was monitored using single-photon counting devices. The cavity photon numbern was obtained from the transmission signal using the measured quantum efficiency of 0.040 (8) for detecting intracavity photons.
While the transmitted probe intensity was initially negligible owing to the large detuning between the probe and cavity resonance frequencies, the ongoing loss of atoms from the optical trap eventually brought the atoms-cavity resonance near the probe frequency, leading to discernible transmission ( Fig. 2(a) ). We used this transmission signal to determine the atom number N and its rate of change dN/dt as functions of time. We related ∆ N to the instantaneous transmitted probe power by assuming a Voigt lineshape for the cavity transmission with a Gaussian kernel of rms frequency width σ = 2π × 1.1 MHz chosen to account for broadening due to technical fluctuations in ∆ pc . We also modified the lineshape to account for the probe-induced displacements of the collective position Z that were as high as 3.5 nm for the maximum cavity photon number (n = 1.9) used here [3] . As shown in Fig.   2(b) , the atom loss rate was strongly enhanced near resonance due to increased light-induced heating.
From the observed loss rate we determined the per-atom heating rate of the trapped atomic sample as R = −Ud(ln N)/dt (Fig. 2, 3 ). Atoms experiencing intracavity intensity fluctuations of cavity-resonant light were heated at a per atom rate that is R/R fs ≃ 40 times larger than that of atoms exposed to a standing wave of light of equal intensity in free space. The cavity-induced heating was abated for light detuned from the cavity resonance. While this cavity-enhanced diffusion has been inferred from the lifetime [28] and spectrum [29] of single atoms in optical cavities, our measurements are performed under experimental conditions that allow its direct quantification.
To compare the observed heating rate with that expected based on quantum-measurement backaction (Fig. 3) , we account for technical fluctuations in the probe detuning δ by a convolution of the predicted frequency dependence with the aforementioned Gaussian kernel. rates agree well with their predicted value, confirming that the backaction heating of the atomic ensemble is at the level required for quantum-limited measurements. Using the relation between R c and S nn , the measured heating rate may be interpreted as a measurement of the spectral density of intracavity photon number fluctuations where the atomic ensemble is used as a mechanical sensing medium for these fluctuations. From the measured maximum heating rate of R/R fs = 43(10), the error being predominantly systematic, and accounting for the convolved cavity line shape, we obtain the spectral noise power of photon fluctuations in a resonantly driven cavity as S nn /n = 4.0(9) × 10 −7 s, in agreement with the predicted S nn /n = 2/κ = 4.8 × 10 −7 s.
We have shown that heating due to cavity-induced fluctuations of the optical dipole force dominates the heating of a trapped atomic gas near resonance. To highlight this finding further, we measured the atom heating rate due to intracavity light that is far from the cavity resonance, for which one should observe the spontaneous-emission-dominated heating of atoms in free space. For a atom-cavity detuning of ∆ ca = 2π ×29.6 GHz and N ≃ 9000 atoms, we excited the cavity for a variable time with probe light at detuning ∆ = 2π × 40
MHz with an intracavity photon number ofn = 2. From the decay rate of N, we observed a probe-light-induced per-atom loss rate that, if ascribed completely to diffusive heating of the atomic sample, yields a heating rate of R/R fs = 2.9(7), far smaller than that observed at the cavity resonance. Yet, these losses exceeded those expected based on diffusion from
Rayleigh scattering. This discrepancy may be explained by additional effects of Raman Working in the non-granular regime and with an atomic medium at sufficiently low temperatures so that cavity cooling/anti-cooling could be neglected, we may interpret the measured backaction heating as a direct measurement of the spectrum of photon fluctuations in a driven cavity, a quantity of fundamental interest in quantum optics. We note that these fluctuations are not visible in the coherent light transmitted through the cavity, for which the shot-noise spectrum remains white (see supplemental information). Specifically, in a cavity driven by coherent laser light, the atoms serve as an in-situ heterodyne detector of cavity-enhanced fluctuations of the electromagnetic field, with the two quadratures of collective motion serving as two heterodyne receivers at the beat frequency ω z . At present, by quantifying only the total heating rate of the trapped atomic gas, we cannot access information on the individual noise quadratures. However, augmented by time-resolved measurements of the collective motion, as demonstrated in Ref. [3] , our setup may also serve to probe quadrature-squeezed light before the intracavity squeezing is degraded by attenuation outside the cavity [30] .
We have demonstrated that atoms in a strong-coupling cavity are heated optically at a rate that exceeds that calculated for free-space illumination. This fact presents a challenge to cavity-aided non-destructive measurements of atom number or spin with uncertainty below the standard quantum limit [31, 32, 33, 34, 35, 36] . In such measurements, the sensitivity gained by increasing the probe light fluence is eventually offset by the increased disturbance of the atoms due to incoherent light scattering. Our work suggests that cavities with singleatom cooperativity beyond C = 1 will yield benefits to these measurements only if the measurement is made insensitive to the atomic position, e.g. by placing atoms at antinodes of the cavity field or in traps for which ω z ≫ κ. 
Supplementary Information Development of collective modes
The atoms in our system are confined at many locations within a one dimensional optical lattice of wavevector k t = 2π/850 nm, yet interact with the cavity mode at the position dependent coupling rate g(z) = g 0 sin k p z. Because of the position dependent coupling and the distribution of the atoms, a single collective degree of freedom (but not a center of mass degree of freedom) interacts with the cavity mode.
We consider that each atom is trapped harmonically with frequency ω z and trap center z i , where we denote the displacement of atom i from its trap's center by the operator δz i =
i +â i ) with z ho = /2mω z being the harmonic oscillator length and atom field operatorsâ i andâ † i conventionally defined. We assume that the atomic displacements are small (k p δz i ≪ 1) and that the cavity-atom detuning is large (|∆ ca | ≫ g 0 √ N ). Omitting some constant terms, we obtain a Hamiltonian describing the coupled atoms/cavity system as
where n is the cavity photon number operator, H a = i ω zâ † iâ i , and H in describes optical modes external to the cavity and their coupling to the cavity field [37] . Here, the peratom cavity resonance shift is expanded to first order in the atomic position operator, with
being the optical dipole force on atom i from a single cavity photon.
We define a collective position operator Z = (N eff )
i sin(2k pzi )δz i , and the conjugate momentum P = i sin(2k pzi )p i , with p i being the momentum of atom i, and N eff = i sin 2 (2k pzi ). The cavity then serves to monitor a specific collective mode of motion in the atomic ensemble, with the cavity resonance being shifted by ∆ N − N eff f 0 Z/ where
2 /∆ ca is the cavity frequency shift with all atoms localized at their potential minima.
Given these collective operators we can write equations of motion;
A constant average optical force ofn cavity photons displaces the collective position variable by ∆Z = ( kg 2 0 /mω 2 z ∆ ca )n and thereby shifts the cavity resonance frequency to ω ′ c = ω c + ∆ N − N eff f 0 ∆Z/ . We define collective quantum operators a and a † through the relations Z − ∆Z = Z ho (a † + a) and P = iP ho (a † − a), with Z ho = z ho / √ N eff and
. With these substitutions, we have the Hamiltonian describing the collective mode-cavity system:
Calculation of the heating rate
Given equation 8, we can draw directly on existing results which analyze cavity cooling and heating for similar Hamiltonians [16] . For clarity, however, we present a derivation of the heating rate below. From Eq. 8 we obtain equations of motion for a and for the cavity field operator b.
where κ is the decay rate of the cavity field and b in represents the coherent-state input field that drives the cavity. We have introduced the granularity parameter ǫ = N eff f 0 Z ho /( κ) as discussed in the text. We can now express the atomic field operator as,
From here, we evaluate the rate of change of the atomic energy:
For the sake of evaluating the cavity field evolution we restrict our treatment to times which are short compared to the timescale over which the atomic motion is significantly varied by interaction with the light. Under this ansatz we approximate Eq. 11 as
Inserting this solution for the atomic field operator into the equation of motion for the cavity field, (2) we have the following for the frequency components of b:
We can solve this equation iteratively,
In the non-granular regime ǫ ≪ 1, and assuming small values of a(0), i.e. that the atoms are sufficiently cold, we neglect terms of order ǫ 3 or higher.
Returning to Eq. 14 we now have
where ω p is the frequency of a probe laser, and n max is the maximum intracavity photon number for resonant cavity excitation. Finally, we obtain
Here we have substitutedn = n max |L(ω p )| 2 .
We are now in a position to evaluate the heating rate:
Addressing the first term first; for a linear cavity driven by a constant coherent state input, we substitute the relation,
Assuming the system is in a steady state, in that n(t)n(t ′ ) = n(t − t ′ )n(0) , and substitutingn 2 = n(τ ) 2 we obtain for the first half of the heating rate,
Here we have introduced the spectral density of photon number fluctuations S (±) [16] , with ∆ = ω p − ω ′ c begin the probe detuning from the atoms shifted cavity resonance.
The second term in Eq. 25 accounts for the effect of transient atomic motion on the cavity field. To evaluate this term we take the time average over an atomic oscillation period.
These terms represent cavity cooling/anti-cooling. In total, the change in energy is,
Measuring backaction heating by the evaporative loss of trapped atoms
The accuracy of our measurement depends on assumptions made in interpreting the observed transmission lineshapes, several of which we verified experimentally. For example,
we examined the dynamics of evaporative cooling in the atomic medium. For this, we interrupted the cavity transmission measurement, released the atoms from the intracavity optical trap and imaged them 4 ms later to measure their temperature. Within our measurement resolution of 0.1 µK, this temperature remained constant. Thus, our quantification of heating through the rate of atom loss is valid. Furthermore, by extinguishing the cavity probe light momentarily during cavity probing, and comparing the cavity transmission when the probe was turned off and then turned on again, we determined a timescale of 3 ms for N to equilibrate by evaporative cooling following an increase of thermal energy of the collective mode. Since this timescale is short compared to the ≃ 100 ms span of the resonant transmission signal, we are justified in using simultaneous measurements of dN/dt andn to determine the instantaneous heating rate.
To interpret our measurements as relating to the quantum nature of the intracavity field, it was necessary to establish that quantum fluctuations dominate over classical, technical intensity fluctuations which would also lead to heating [38] . For this, we measured the lightinduced heating for varying probe intensities, withn at the cavity resonance ranging from n = 0.2 to 20. Noting that the contribution of quantum fluctuations to the atom heating rate scales asn while that of technical fluctuations scales asn 2 , we find that technical fluctuations account for less than 10% of the atom heating rate at the light level used for
Figs. 2 and 3.
Visibility of photon fluctuations outside the cavity
In this section, we provide support for the well-established [39] but oft-forgotten result that the spectrum of intra-cavity quantum fluctuations of the photon number is not visible in light transmitted through the coherently driven cavity. For a two sided cavity we have c out (t) + c in (t) = √ κb(t),
The operators c out , d out , c in , d in are photon annihilation operators for the outgoing and ingoing fields on either side of the cavity, and b is again the cavity field annihilation operator.
The known commutation relations are,
and similarly for d in . To examine the spectrum of photon fluctuations inside the cavity we calculate the commutation relation for the cavity field operator: 
= e iω ′ c (t 2 −t 1 )−κ|t 2 −t 1 | .
From this we obtain the two-time correlation in Eq. 26. Now, for the cavity output, (say,
= dω 2π e iω(t 2 −t 1 ) = δ(t 1 − t 2 ).
